We have demonstrated systematic studies of plasma-induced copper nanoparticle deposition onto a poly(4-vinylpyridine)-grafted-poly(tetrafluoroethylene) surface, as well as their autocatalytic characteristics for the initiation of the following electroless copper plating. The plasma-induced reduction of the organo-copper precursor gradually increased the surface copper concentration owing to the formation of the copper nanoparticles with treatment time. The concentration became maximal at 300 s of treatment, and then it progressively decreased with further plasma treatment. XPS, SEM, and AFM experiments revealed that the total population of nanoparticles on the surface was clearly decreased, while the particles continued to grow. We found that thermodynamically driven spontaneous migration of Cu atoms occurred from the initially formed smaller particles to the larger ones, by the Ostwald ripening mechanism. The polymer surface densely and homogeneously seeded with copper nanoparticles enable the initiation of autocatalytic electroless deposition of copper layer at 40 o C with less than 5 s time lag.
INTRODUCTION
Electroless copper (Cu) plating is the result of a redox reaction between a copper ion (Cu 2+ ) and a reducing agent both present in the same solution in a metastable state. This autocatalytic reaction generally starts on a polymer surface seeded with colloidal palladium (Pd) species. Colloidal palladium in the Pd(0) atomic state is a powerful catalyst that lowers the activation energy of the initial reaction and induces the deposition of metal. Once the reduction is started, it continues thanks to autocatalysis that promotes further reduction of its ions.
The main difficulty of this process consists of chemisorbing the catalyst on the polymer surface and many processes have been developed to seed a surface with Pd(0) species. Such approaches generally rely on either a grafting of Pd +2 ions by immersion in a PdCl 2 solution and their reduction by a chemical method [1] [2] or a deposition of organo-palladium complex film followed by decomposition using a variety of radiation sources such as a laser, VUV excimer lamp, or plasma in an argon (Ar) atmosphere [3] [4] [5] . All these methods can lead to decomposition of thin metallic Cu layers on polymeric substrates, such as PET, polyimide and epoxy substrates, enabling for microelectronics applications.
Performing the direct electroless Cu plating of insulating substrates without seeding their surface with Pd(0) catalytic clusters is an interesting challenge which aims at reducing the cost of the plating process. The Pd(0) clusters are not only expensive, could be a souse of contamination of the Cu plating bath.
Another important requirement is an enhancement of adhesion strength of electrolessly deposited metallic layer against to polymer substrate. Poly(tetrafluoroethylene) (PTFE) and related fluoropolymers are one of the most likely candidate substrates for printed circuits in high-frequency microelectronic applications, because of their fine thermal stability, chemical inertness and high frequency characteristics. In particular, those fluoropolymers exhibit exceptional dielectric properties. [6] . Because of its surface inertness, however, a pristine PTFE substrate fails to have satisfactory the adhesive strength against various metals and semiconductors that many of industries require. A number of research groups have demonstrated the surface modification of PTFE substrates to enhance the adhesion of electroless deposited metals through both physical and chemical approaches, including ion beam processing, corona discharge, X-ray irradiation, and plasma and wet chemical etching [7] [8] [9] . In order to achieve adhesion enhancement, an anchoring effect gained by roughening the surface is common to all of these techniques. However, surface roughening also increases the dielectric loss because of the enhancement of electron scattering as a result of high-frequency electric field at 10GHz being concentrated at the interface owing to the skin effect. Pretreatment of the PTFE surface before metallization to enhance adhesion without the need for any assistance by the anchoring effect has become a key technology.
In the above context, we have recently demonstrated catalyst-free electroless deposition of an adhesion Cu layer on a poly(4-vinylpyrridine)-graftedpoly(tetrafluoroethylene) (P4VP-g-PTFE) surface by atmospheric pressure plasma liquid deposition (APPLD), which relies on the deposition of a thin liquid film of copper acetate (CuAc) as an organo-metallic precursor on the functionalized PTFE polymer surface by slit coating and the subsequent plasma-assisted decomposition and reduction of Cu 2+ to form nanoparticles under atmospheric pressure [10] [11] [12] . The polymer surface densely and homogeneously seeded with the nanoparticles enable the initiation of autocatalytic electroless deposition of the Cu layer at 40 o C with a time lag within 5 s without the need for any prior surface sensitization. The adhesion strength of the electrolessly deposited Cu layer on the P4VP-g-PTFE surface was significantly improved without need for any assistance by the anchoring effect. While more than 65% of the electrolessly deposited Cu layer was removed from the bare and thick P4VP-coated PTFE, there was no Cu film removed from the P4VP-g-PTFE, as evaluated by the tape tast. In order to evaluate the autocatalytic properties of the Cu-nanoparticle-supported PTFE surfaces, we demonstrate herein systematic studies of plasma-induced copper nanoparticle the deposition onto the P4VP-g-PTFE surface with various varying treatment times, and the characteristics of the following Cu direct electroless metallization using a commercially available CuSO 4 /EDTA-based electroless solution.
EXPERIMENTAL SECTION
A 0.2 mm thick PTFE sheet was purchased from Nippon Valqua Industries Ltd. The PTFE sheet was cut into plates with 30 x 60 mm 2 in area. The sheet was ultrasonically cleaned with acetone and pure water for 15 s prior to each use. Catalyst-free electroless Cu deposition onto the modified PTFE sheet proposed here consists of five main steps: (1) implantation of peroxy radicals on the PTFE surface by helium (He) plasma treatment under atmospheric pressure for a short period; (2) graft copolymerization of P4VP from the modified PTFE surface; (3) deposition of CuAc thin film onto the P4VP-grafted-PTFE surface using a custom-made stepping-motor-driven capillary coater, which relies on confined capillary phenomena; (4) atmospheric-pressure He plasma-assisted decomposition and simultaneous reduction of the Cu 2+ ion to Cu(0); (5) electroless Cu deposition on the PTFE surface seeded with Cu(0) using a commercially available CuSO 4 /EDTA-based electroless plating solution. All He plasma treatments under atmospheric pressure were performed in a custom-made chamber. A dielectric-barrier discharge was produced at an applied frequency of 13.56 MHz and at 15-45 W. The details of the experimental procedures have been described in our previous papers [10] [11] [12] . The direct Cu electroless plating bath used here was CuSO 4 /EDTA-based OPC-750 supplied by Okuno Chemical Industries Co. Ltd. (Osaka, Japan). The Cu plating bath was heated to 40 o C prior to use. The structural characterization of the PTFE surface was performed by XPS, AFM, and SEM. All SEM experiments were performed at 5kV without coating of sputtered-PtPd prior to observation.
RESULTS AND DISCUSSION
The atmospheric pressure He plasma treatment to the PTFE surface have given a substantial enhancement of hydrophilic nature. As evaluated by water contact angle measurements, the average contact angle with water decreased from 120 o to 40 o . [10] The XPS also implied that chemical environment of carbon on the PTFE surface significantly changed with defluorination and introduction of oxygen containing various hydrophilic functional groups during the He plasma treatment and subsequent exposure to air. We also have performed an ESR spectroscopy for the plasma-treated PTFE sheet. The resultant spectral feature strongly indicates a generation of high density peroxide radicals on the PTFE surface. As evaluated calibrated ESR spectral intensity with the aid of calibrated line obtained from the spectra intensities of a TEMPOL, the peroxide radical density reached ca. 4 x 10 11 radicals/mm 3 on the surface. We demonstrated a graft copolymerization of P4VP as a metal ion trapping polymer onto the PTFE surface. The details were described in our previous paper [11] . As evaluated by a combination of XPS with ATR-FT-IR, spin-coated P4VP thin film from ethanolic solution of 0.156M on the modified PTFE surface results in spontaneous graft copolymerization of P4VP monolayer.
The organo-metallic precursor used was copper acetate (CuAc) monohydrate in aqueous solution, which was spread onto the P4VP-g-PTFE surface using a custom-made-slit coater with a deposition rate that was automatically controlled 0.2 μm/s. By controlling the velocity of the leading edge of a liquid slug, we were able to reproducibly form ultrathin films of CuAc with the dimensions of 30 x 60 mm 2 on the substrate. The XPS N1s spectra of the CuAc-coated P4VP-g-PTFE film have shown that the peak position contributed to the neutral pyridine ring drastically shifts to a higher binding energy; this implies the formation of a coordination bond between CuAc and the pyridine ring. The resultant ultrathin film of CuAc is optically transparent thanks to the formation of the coordination bond.
Atmospheric-pressure He plasma treatment with an applied power of 30W was performed for various treatment times in the 0-1200 s range. The corresponding results are given in Fig. 1(a) . The effects of plasma treatment on the decomposition of CuAc and the reduction of the Cu 2+ ion were clearly observed in the rising peak intensity of Cu2p3/2 centered at 932 eV with treatment time. The disappearance of the broad satellite peak corresponding to Cu 2+ also indicated that Cu 2+ species were effectively reduced to atomic Cu(0) by He plasma treatment. The copper surface concentration reached a maximum at 300 s of treatment, and then it progressively decreased with further plasma treatment. Romand et al. demonstrated the reduction of Cu(+2) ions using Ar plasma [14] . The plasma treatment has similar effects on the precursor decomposition and metal ion reduction. The surface copper concentration progressively decreased after reaching the maximum owing to the etching effect of the Ar + ion. The reoxidation of copper was also observed, as illustrated by a shift of the Cu2p3/2 binding energy toward a higher energy. On the contrary, in the case of our mild He plasma condition, the etching effect of He + can be ignored because of its light weight. Furthermore, there was no change in the XPS Cu2p3/2 spectral characteristics including both the peak position and the full-width at half maximum (FWHM) at 932eV, as shown in Fig.1(b) . The above results strongly indicated that the origin of the apparent changes in the surface copper concentration may not be due to both etching and reoxidation of copper species.
The color and morphology of the PTFE surface were clearly changed during the plasma treatment. The color clearly become light metallic brown from the light blue originating from the Cu(2+) species. Typical SEM images taken from a series of samples with different treatment times are shown in Fig. 2 . All SEM experiments were carefully performed without any metal coatings prior to observation to avoid artifactual nanoparticle formation. The deposition of nanosized quasi-spherical Cu particles with an average diameter of 50 nm was observed at 150 s. In addition, AFM observations, as shown in Fig.  3 , revealed that Cu particles having less than 10 nm height making them undetectable by SEM with a 50k magnitude, were also densely deposited onto the P4VP-g-PTFE surface.
With longer treatment time, the Cu nanoparticles gradually grew, and finally, their growth proceeded three-dimensionally to form colloidal aggregates ca. 200 nm in diameter and 150 nm in height. On the other hand, the smaller SEM undetectable particles continued to shrink in diameter as the treatment time exceeded 450 s. Note that the total population of nanoparticles on the surface was markedly decreased compared with the sample shown in Figures 3(b, c) . Consideration of all the above results suggests that thermodynamically driven spontaneous motion of Cu atoms occurred from the smaller to the larger nanoparticles under plasma treatment, by the Ostwald ripening mechanism. We can conclude that the origin of the apparent changes in the surface copper concentration should be due to the formation of large discrete Cu nanodots through spontaneous surface migration of copper atoms.
The initiation of electroless deposition has generally been difficult and normally requires a time lag between 30 s and a few minutes [2] . A plausible mechanism of the termination reaction of electroless deposition has been under consideration: the longer time lag decreases the plating rate slower and the worsens the film adhesion. In order to evaluate the autocatalytic properties of the Cu-nanoparticle-supported PTFE surfaces, the functionalized PTFE films were submitted to Cu direct electroless metallization using a commercially available CuSO 4 /EDTA-based electroless solution containing a small amount of formaldehyde as a reducing agent. Samples containing 60, 150, 300, 450, 600, 900, or 1200 s of plasma treatments were directly immersed in the bath without any prior surface treatments. The electroless deposition was performed at 40 o C with a designated time up to 5 min. The initiation of electroless deposition was observed with a time lag of less than 5 s from the 150, 300, and 450 s treated samples. A uniform Cu layer was rapidly grown by electroless deposition from the Cu nanopartice surface. The PTFE surface was completely covered with a Cu layer within 60 s. We found that a PTFE surface densely and homogeneously seeded with copper nanoparticles is able to initiate autocatalytic electroless deposition of copper layer without the need for any prior sensitization of the surface with conventionally used Pd species. It is worth pointing out that the density of Cu nanoparticles deposited on the PTFE surface played a critical role in determining the autocatalytic properties, including the length of time lag, and the deposition rate. In the case of the PTFE surface treated for less than 150 s as well as more than 600 s, the surface seeded with Cu nanoparticles required more than a 2 min time lag for the initiation of the autocatalytic reaction, and the electroless plating reaction progressed incompletely. Only 20-50% of the substrate surface area was decorated with the electroless deposited Cu layer. The color of the exposed PTFE surface became light green from light brown after plating. This color change and results of XPS analysis (not shown) implied that the longer time lag resulted in a slower plating rate and oxidation of the Cu nanoparticle surface to Cu 2 O and/or Cu(OH), which prevent further continuous autocatalytic reaction.
The adhesion of electroless deposited Cu films with 10 μm thick on the substrates was evaluated by the Japan Industrial Standard cross-cut tape test (JISH8504). The test result indicates the adhesion strength to be greater than 8 N / 25 mm. As shown in Fig. 4 , the photographs clearly shows that no film square removed by the tape. We can conclude that the adhesion strength of the electrolessly deposited Cu layer on the P4VP-g-PTFE surface was substantially improved to more than 10 times magnitudes in comparison to the PTFE surface with Ar plasma treatment. [15] 4. CONCULSION We demonstrated systematic studies of plasma-induced copper nanoparticle formation on a P4VP-g-PTFE surface, varying the treatment time, and their autocatalytic characteristics for the initiation of the following Cu direct electroless deposition. The surface copper concentration progressively decreased after reaching the maximum. Considering the XPS, SEM, and AFM measurements, we can conclude that the origin of the apparent decrease in the surface copper concentration is marked decrease in the total population of nanoparticles on the surface compared with the initial stage of the reaction, because of the formation of larger Cu nanodots. Thermodynamically driven spontaneous motion of Cu atoms might have occurred from the smaller to the larger nanoparticles during the He plasma treatment, by the Ostwald ripening mechanism. The polymer surface densely and homogeneously seeded with copper nanoparticles also enhanced the adhesion strength of the electrolessly deposited Cu layer on the P4VP-g-PTFE surface. No film square removed by the tape. We believe the strong interaction of the Cu nanoparticles and the pyridine group in grafted-P4VP to the PTFE surface might be possible to make this enhancement.
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